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Random cell migration and actin organization in
seven humanprimary, recurrent cutaneous and met-
astatic melanoma cell lines were studied by time-
lapse video recording and image analysis The mi-
gration of over 800 randomly selected cellsfrom the
cell lines were recorded using an inverted microscope
with an attached incubator housing, The fraction of
cells with random migration rates greater than 10
gm/hour was 8% in an established primary mela-
noma cell line, 2% and 34% in two recurrent cuta-
neous melanoma cell lines, and 5%, 30%, 31%, and
60% in four metastatic cell lines. The three meta-
static cell lines with significantly higher mean mi-
gration rates (P < 0.001) were derived from lymph
node metastases, whereas the fourth metastatic cell
line was derivedfrom a visceral metastasis The cel-
lular morphology and presence of cell nests in the
original tissue correlated with in vitro cell morphol-
ogy and theformation ofcolonies The ability ofcells
to organize actin into stressfibers directly correlated
with significantly higher random migration rates

and lack of colony formatiorn Characterization of
random migration rates and actin organization of
human melanoma cells that are isolatedfrom differ-
ent stages oftumorprogression may lend insight into
metastasis (AmJ Pathol 1991, 139:423-435)

Tumorigenesis and metastasis appear to involve a series
of complex genotypic and phenotypic events. The asso-
ciation of human malignant melanoma in situ with

dysplastic nevi and the appearance of the tumorigenic
phase with the capacity for metastasis are pathologic or
phenotypic steps in disease progression.13 Invasive
malignant melanoma is proposed to involve at least three
steps: 1) capacity to bind the basement membrane; 2)
ability to digest the basement membrane; and 3) capac-
ity for cell migration.4 The focus of the present study is on
the latter step, and more specifically, to characterize the
random melanoma cell migration and actin organization
of a number of melanoma cell lines that we have isolated
in recent years from different stages of progression.

Many investigators have identified model systems that
indicate that cell motility may play a role in metastatic
behavior. The in vitro organization of actin as well as lo-
comotor activity has been reported to correlate with met-
astatic potential after tail vein injection into syngeneic or
nude mice.' The finding of stable actin bundles also
has been reported more frequently in low-metastatic vari-
ants of human melanoma, fibrosarcoma,68 and adeno-
carcinoma cell lines.9 In addition, cytoplasmic compo-
nents associated with the disruption9 or stabilization10 of
the actin architecture appears to alter the metastatic po-
tential of adenocarcinoma cells.

A number of in vitro models have been recently de-
veloped to study cell motility of malignant cells. Mela-
noma cell migration through micropore filters coated with
extracellular matrix proteins and use of Boyden cham-
bers (differential media compartmentalization) has pro-
vided insight into cel[-substrate adhesion as well as fac-
tors promoting motility.4 Cell migration in a capillary tube
assay system has allowed observation of the motility of
single cells over greater distances than the micropore
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filter assay system, and correlation of carcinoma cell mi-
gratory rate with metastatic capability has been
identified.11'12 Visualization of spreading and migrating
cells and their cytoskeletal proteins by immunofluores-
cent techniques, however, is optically hindered by these
methods. In this study, we incorporate a computerized
tissue culture assay system that follows the migration of
many individual cells simultaneously over relatively large
distances (tens of micrometers) and that is optically con-
ducive to observe cell shape changes and cytoskeletal
distribution.
We report the isolation of seven human melanoma cell

lines from different stages of tumor progression and the
use of a time-lapse video image analysis system for re-
cording individual cell random migration and quantitation
of cell shape and actin distribution. Our data show that
these cell lines exhibit a remarkable heterogeneity of cell
shape, actin organization, and cell migration rate and that
high random migration rates directly correlate with ca-
pacity of the cell lines to form microfilament bundles in
stress fiber arrays. The isolation of human melanoma cell
lines from different stages of tumor progression with vari-
able random migration rates and actin distribution may
give insight into the control of migration by extracellular
matrix proteins, expression of cell adhesion molecules,
and cytoskeletal proteins.

Materials and Methods

Tissue Culture

Melanocytes
Human newborn foreskins were removed for routine

circumcision and cultures were derived as previously de-
scnbed with slight modification.13 Briefly, the tissue was
rinsed in 70% ethanol and minced into 1-mm cubes and
incubated in 0.25% trypsin and 0.02% ethylenediamine-
tetra-acetic acid (EDTA; Gibco, Grand Island, NY) in
phosphate-buffered saline (PBS) for 1 hour while stirring
at 370C. The supernatant was decanted and centrifuged
at 500g for 5 minutes and the cell pellet was resus-
pended in melanocyte growth media (Clonetics, San Di-
ego, CA) containing bovine pituitary extract (0.2% vol/
vol), phorbol 12-myristate 13-acetate (10 ng/ml), bovine
insulin (5 jig/ml), hydrocortisone (0.5 ,ug/ml), and recom-
binant fibroblast growth factor (1 ng/ml). After 1 week, the
cells were treated with Geneticin (G418 sulfate, Gibco) at
a concentration of 100 ,ug/ml for 2 days to kill contami-
nating fibroblasts.13

Primary Melanoma (PM)
Cells were obtained from a sterile fresh surgical spec-

imen of a primary cutaneous malignant melanoma, su-

perficial spreading type. The radial growth phase (RGP)
and vertical growth phase (VGP) of this primary mela-
noma (PM) from patient WK were dissected from approx-
imately 10% of the original lesion and coded PMWK-R
and PMWK-V, respectively. The tissue fragments were
washed three times in calcium- and magnesium-free
PBS and incubated in 0.25% trypsin at 3TC for 1 hour.
The epidermis was then separated from the dermis using
a dissecting microscope and the fragments minced into
less than 1 -mm cubes. TheVGP culture was derived from
explants of a small portion of the centrally located grossly
identifiable nodule in the dermis, and the RGP cultures
were obtained from explants of epidermis and fragments
of papillary dermis 2 mm from the central nodule. The
adjacent sites were examined histologically to confirm
each growth phase.

Recurrent Primary Melanoma (RPM)

Two cell lines were established, one from patient EP
(RPM-EP) and the other from patient MC (RPM-MC). The
epidermis was removed as above and explant cultures
were established.

Metastatic Melanoma (MM)

Four cell lines were obtained by explant culture. Cell
lines MM-AN, MM-BP, and MM-RU were derived from
inguinal, axillary, and cervical lymph nodes of patients
AN, BP, and RU, respectively, whereas cell line MM-LH
was derived from a visceral (omental) metastasis of pa-
tient LH.

Culture Media

All cells were cultured in minimal essential media with
Earles balanced salt solution, with 0.5% Gentamicin
(Gibco, cat # 600-5710 AD) and supplemented with 2%
fetal calf serum and 8% newborn calf serum.

Characterization of Cell Lines

Cells grown on coverslips were fixed in 4% paraformal-
dehyde in PBS (pH 7.4), rinsed in PBS, and incubated for
10 minutes in PBS with 10% bovine serum albumin, then
incubated in either polyclonal anti-S-1 00 protein anti-
body (Dako Corp., Santa Barbara, CA) or monoclonal
anti-HMB-45 antibody (Enzo Diagnositics, Inc.) for 1 hour
at 37°C. After three PBS washes, the secondary antibod-
ies, peroxidase-conjugated anti-goat or anti-mouse anti-
bodies were used, depending on the primary antibody,
and the development of a reaction product with diami-
nobenzedine was performed using a kit (Dako Corp.).
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Incubation with the peroxidase-labeled secondary anti-
body alone as well as staining of cultured normal human
fibroblasts served as controls for the specificity of the
immunolabeling characterization.

Proliferation rates or doubling times were calculated
on the basis of cell number on equal seeding into multi-
well plates, trypsinization every 2 to 3 days, and cell
counts. Cells were counted in an automated cell counter
(Coulter Electronics, Inc., Hialeah, FL). The formulas used
for calculating the cell doubling time during the most
rapid growth phase interval when slope (a) is maximal
were as follows: where In no is the natural logarithm of the
number of cells at the initial time (to) and In n1 is the
natural logarithm of the number of cells at the end of the
rapid growth phase (t1):

Ay =nn1 - In no
slope =a = Ax = t - to

To calculating doubing time (At):

In 2no - In noa= At

In2 + Inno - Inno
a= At

In 2
At =

a

Cell Migration, Cell Spreading Assay

Time-lapse Recording

Cell cultures were observed with a Nikon Diaphot in-
verted microscope with a 1 Ox phase contrast objective,
an attached hermetically sealed Plexiglas incubator
housing, Nikon incubator (NP-2) with stage thermostat
(Donsanto Corp., Natick, MA) and Sheldon Laboratory
2004 CO2 flow mixer (Cornelius, OR) to obtain constant
temperature (37°C) and pH (5% CO2 and 95% air) indef-
initely. A Dage-MTI model 65DX video camera (Michigan
City, ID) with a Newvicon tube was attached to the cam-
era port and connected to a Hitachi TLC1550 time-lapse
video cassette recorder (Marcon Instruments, Norwood,
MA).

Cell migration was recorded between 2 and 18 hours
after plating onto sterile glass coverslips in 35-mm petri
dishes (for immunofluorescence) or plastic culture dish
surfaces (LUX, Nunc, Naperville, IL). Cell density was be-
tween 0.4 and 1.0 cells per 10,000 square micrometers
to avoid possible effects of cellcell interactions or other
density-dependent phenomena. Using the 1 Ox objec-
tive on the inverted microscope, between 13 and 57 in-
dividual cells were tracked on the video monitor with an

analysis field of 650 x 960 ,um. Cells that were rounded
or divided during the recording interval were eliminated
from the calculation of migration rate. Round cells were
defined as exhibiting a concentric phase-contrast pattern
with absence of phase-contrast processes or lamellipo-
dia. These cells were found to be either: 1) not attached,
2) attached and dividing, or rarely, 3) attached, station-
ary, and nondividing for the duration of the recording pe-
riod. Trypan blue exclusion testing of the round cells
showed that the nonattached cells and a few of the sta-
tionary cells were nonviable. At no time did the number of
these round cells or dividing cells exceed 10% of the total
cells followed during the typical migration assay period of
4 hours. Each migration study was repeated between
three and five times for each cell line.

Image Analysis
Over 820 cells were tracked for an average of more

than 100 cells per cell line. Video images were played
back at 60-minute intervals, for total time intervals from 4
to 8 hours. Video images of the intervals were digitally
saved, and the individual direction and distance migra-
tion of each cell was analyzed using a Microcomp Image
analysis system by Southern Micro Instruments (Atlanta,
GA). The system used a Numonics digitablet and an
IBM-compatible personal computer with an installed
video card, 'PC Vision Plus Frame Grabber' from Imaging
Technology (Woburn, MA) and a high-resolution video
monitor (Sony, Inc., New York, NY).

For comparison of cell lines, migration rate was de-
fined as the sum of hourly migration distances divided by
the total elapsed time. A planar morphometry program
was used for two-dimensional projected surface area of
the cells to assess cell spreading (see Microcomp
above). For distance and area measurements, the x- and
y-axis computer pixel units of the system were calibrated
with the inverted microscope objectives using a 0.01-mm
slide micrometer. The data was saved as an MS DOS
(Microsoft Corp, Redmond, WA) file and then translated
through a TOPS network (A Sun Microsystems Co.,
Berkeley, CA) to Macintosh software and hardware for
statistics and graphics. Statistical analysis of the migra-
tion rates was performed by using the Student's t-test on
Statworks. Normalized migration paths (Figure 5) were
obtained by 'grabbing' individual cell paths and 'drag-
ging' the paths without rotation such that the origin of all
paths are superimposed on one central point by using
the program MacDraw.

Light Microscopy
Bright-field and Phase-contrast Microscopy
Paraffin-embedded, sectioned, and hematoxylin and

eosin-stained sections were photographed with a Zeiss
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Figure 1. a: Malignant melanoma, superficial spreading type, showing radial growth phase with individual and nested severely atypical
nevomelanocytes in a Pagetoidpattern. The section was adjacent to tissue sampledfor tissue culture. b: Primary melanoma cell line PM-WK
derivedffrom lesion shown in (a) at the same magnification (see scale below). Note colony growth pattern ofpolygonal cells with some cells
exhibiting short dendritic processes (arrow). c: Recurrent primary melanoma revealing large expansile nests of epithelioid cells at the
epidermaljunction and in the dermis d: Recurrentprimary melanoma cell line RPM-EP derivedfrom lesion shown in (c). Large, well-spread
elongated polygonal cells are identified e: Recurrent primary melanoma that reveals many cohesive nests in the reticular dermis. f:
Recurrentprimay melanoma cell line RPM-MC showing cohesive or colony growth pattern. Scale: 1 division = 50 pm. H&E stain (a,c,e).
Cultured cells, phase-contrast image (b,d,f).
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compound microscope using the 1 Ox objective and at-
tached 3 x 5 camera back housing using the trinocular
port. Cell cultures were photographed with a Nikon FE-2
camera attached to the photo port of the inverted micro-
scope described above using the 1Ox phase contrast
objective.

Fluorescence and Differential Interference
Contrast Microscopy
Cells were grown on coverslips, fixed in 4% paraform-

aldehyde in PBS for 5 minutes, and permeabilized using
0.1% Triton X-100 (Sigma Chemical Co., St. Louis, MO)
for 2 minutes. After a rinse in PBS, the cells were incu-
bated for 40 minutes in rhodamine-conjugated phalloidin
(Sigma) and rinsed three times in PBS and mounted in a
polyvinyl alcohol resin (Lerner Labs, NY). Fluorescent mi-
crography was performed using a Nikon Microphot with
an epifluorescent attachment, rhodamine filter cube, a
1 00-watt UV mercury lamp, and a Plan Apochromat 60x
(numerical aperature 1.40) oil objective. The microphot
was fitted also with a diascopic differential interference
contrast attachment. Photomicrography was performed
with an attached automatic camera (Nikon Microflex
UFX-I1) using 35-mm film (Kodak Tmax 400). The actin-
labeled cytoskeleton negative images were projected
onto the image analysis digitablet, and the number and
length of the stress fibers as well as projected cell surface
area were calculated.

Results
The in situ cellular morphology of the primary, recurrent
primary, and metastatic lesions exhibits cells with the typ-
ical malignant phenotype of large nuclei exhibiting nu-
clear hyperchromasia and pleomorphism. However the
amount and shape of the cytoplasm (epithelioid versus
spindle), the relation of the cells to one another (cohesive
versus dyshesive), and the expression of pigment varies
considerably. The most common cell type and pattern
observed in the lesions are nonpigmented, cohesive, epi-
thelioid cells with variable amounts of abundant cyto-
plasm. This histomorphology is seen in primary, recur-
rent, and metastatic lesions that gave rise to the primary
cell line PM-WK, the recurrent cutaneous melanoma cell
lines RPM-EP and RPM-MC, and the metastatic cell line
MM-LH (Figures 1a, c, e, 3a).Predominantly large pig-
mented spindle cells are observed in the tissue that gave
rise to the cell line MM-AN (Figure 2a) and highly pleo-
morphic cells in the tissue that grew out MM-BP (Figure
2c). Small dyshesive nonpigmented epithelioid cells are
identified in the lymph node that gave rise to the cell line
MM-RU (Figure 3c).

Interestingly, the morphology of the cell lines reflect
the histomorphology of their in situ counterparts. Cell lines
PM-WK, RPM-MC, and MM-LH are polygonal cells that

grow in cohesive colonies (Figures 1 b, f, 3b), whereas
RPM-EP is composed of large elongate polygonal cells in
colonies with interspersed dyshesive cells (Figure 1 d). In
contrast, MM-AN is a pigmented spindle cell line, MM-BP
is a small pleomorphic cell line with both colonies and
dyshesive cells, and MM-RU is composed of dyshesive
pleomorphic cells that do not form colonies (Figures 2b,
d, 3d).

The primary melanoma cell line (PM-WK) is derived
from the epidermis of the radial growth phase. This cell
line has been passaged each week for more than 2 years
without change in morphology or growth rate. The retic-
ular dermal fragment of the radial growth phase speci-
men and, surprisingly, tissue of the vertical growth phase
did not grow out a stable cell line.

Melanocytes derived from human foreskins are
shown in Figure 3e. The cells are predominantly bipolar
with occasional tripolar and rare multipolar cells identi-
fied. Rare scattered fibroblasts are identified after one
treatment with Geneticin. Before migration studies were
performed, all fibroblasts were eliminated from subse-
quent passages by a second Geneticin treatment.

Culture Characterization

All cell lines have exhibited stable morphologies and
growth properties for over 70 passages. The doubling
times of the cell lines have also been stable and ranged
from 1.2 days to 4.8 days. Interestingly at least two
groups of proliferation rates can be identified, one rate
ranging from a doubling time of 1.2 to 1.5 days and an-
other rate ranging from 2.3 to 4.8 days. Rates of prolifer-
ation do not correlate with the stage of progression from
whence the tissue is derived. The cell lines with a prom-
inent well-spread or spindle cell component (RPM-EP,
MM-AN), however, showed the lower rate of proliferation,
whereas the dendritic, polygonal, or pleomorphic cell
lines exhibit variable rates of proliferation. No correlation
with proliferation rate and migration rate is identified.

All cell lines are confirmed as melanoma cells by ei-
ther S-100 protein or HMB-45 antigen expression. All cell
lines are positive for S-100 protein and all cell lines except
MM-RU are positive for HMB-45 after immunoperoxidase
labeling. Human fibroblasts are negative for both anti-
gens, whereas normal newborn melanocytes are positive
for S-100, yet negative for HMB-45.

Melanoma Cell Spreading and Random
Migration

To determine the kinetics of cell spreading and migration
after typsinization, random cell migration rates and cell
surface areas are calculated at hourly intervals after at-
tachment to the substrate. Attachment was established



428 Byers et al
AJP August 1991, Vol. 139, No. 2

I,. -.1
a, .-.' .

p - -

;; - B,,.

Figure 2. a: Metastatic melanoma to groin lymph node exhibiting spindle cellfascicular pattern with orthogonal arrangement oftumor
cells. b: Metastatic cell line MM-AN derivedfrom (a) consists ofpigmented spindle cells in aggregates with interspersed large multinucleated
cells withprominent nucleoli (arrow). c: Metastatic melanoma to axillmy lymph node revealing sheets ofsmall epithelioid cells. d: Metastatic
cell line MM-BP derivedfrom (c) is composedpredominantly ofsmallpolygonal cells with interspersed round and some small spindle cells.
Scale: 1 division = 50 wm. H&E stain (a,c). Cultured cells, phase-contrast image (b,d).

after 15 minutes' incubation at 370C. The results for the
cell line MM-RU are shown in Figure 4. Cell spreading is
a rapid process in which 85% maximal spreading occurs
by 1 hour and 98% by 2 hours (see Figure 4a). Random
cell migration exhibits an initial phase of rapid migration
followed by a decrease and then stabilization of the mi-
gration rate after 2 hours (Figure 4b). All cell lines are
recorded after stabilization to permit possible cell surface
proteins to regenerate after trypsinization.

Figure 5 illustrates representative tracings obtained
from the computer screen of the migration paths of three
of the cell lines for a duration of 4 hours. The paths have
been normalized to a central starting point as outlined in
Methods. These cell lines are chosen only to illustrate the
range in the random migration rate observed between
the cell lines. The behavior of all cell lines is outlined be-
low.

The mean random translocational migration rates and
their respective standard deviations are illustrated in Fig-
ure 6 for all melanoma cell lines as well as human new-
born foreskin-derived melanocytes. Marked heterogene-
ity is immediately appreciated among the cell lines. Note
the relatively low migration rates of melanocytes, the pri-
mary melanoma cell line, one of the recurrent cutaneous
cell lines (RPM-MC), and one of the metastatic cell lines
(MM-LH). Intermediate migration rates are identified in
one of the recurrent primary melanomas (RPM-EP) and
two metastatic cell lines (MM-AN and MM-BP). One met-
astatic cell line (MM-RU) shows a markedly higher rate of
migration than all other cell lines. Statistically the rate of
migration in the intermediate and highest migrating cell
lines are significantly higher than the cell lines with low
migration rates (P < 0.001; Figure 6 and Table 1).

The distribution of migration rates for all of the cell

I
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Figure 3. a: .letastatic mielanoma to viiscera (omenlltum) revseal-
ing large nestsof epitheltoid cell.s b: Metastatic cell line.LIt LI-IH
derived from (a) is composed ofangulatedpolygonal cells, somize
with dendritic processes. The cels grouw in cohesive colonies. c:
Aletastatic melanomza to cervical lwmph ntode exahibiting sheets of
dc4sesive epithelioid cells. d: letastatic cell line ,LII-RI 'reealing
pleomnorphic cells that do notfornm cohesive colonies. e: Ilumuan
newbornforeskin melanocyte culture showing bipolar and some
tipolar cells. Scale: 1 division = S0 Im. 11&E stain (a,c). Cul-
tured celLs; pPhase-contrast image (b,d,e).

lines, expressed as a percentage of total cells within in-
tervals of 10 ,um/hour is illustrated in Figure 7. This bar
graph demonstrates the diversity of individual cell migra-
tion seen among and within cell lines. In addition, the cell
lines can be defined into two groups as either low or high
random migrators based on the distribution of random

cell migration rates: cell lines with less than 10% of their
population migrating more than 10 p.m/hour are defined
as low random migrators, and cell lines with 30% or more
of their popukl,n migrating more than 10 ,um/hour are
defined as high random migrators. As seen in the illus-
tration, the melanocytes, primary melanoma cell line (PM-
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Figure 4. Relationship of (a) cell spreading and (b) migration rate
as afunction of time after toypsinization and plating of the met-
astatic melanoma cell line MM-RU

WK), one recurrent primary (RPM-MC), and one meta-
static cell line (MM-LH) are low random migrators. In con-
trast, three metastatic melanoma cell lines and one
recurrent primary melanoma cell line are high random
migrators. Only three of these four cell lines exceed 20
,um/hour, however, with maximal observed migration
rates of 42, 26, and over 50 ,xn/hour in the recurrent
primary cell line RPM-EP and two metastatic cell lines
(MM-AN and MM-RU), respectively.

Actin Distribution and Cell Migration

Reflecting the wide variation in cellular morphology
among the cell lines, the distribution of the cytoskeletal
protein actin also demonstrates heterogeneity. The pres-
ence of actin in stress fiber arrays, as identified by
Nomarski differential interference microscopy and fluo-
rescently labeled phalloidin, is not a feature seen in all of
the cell lines. In addition, the microvillar arrangement
among the cell lines varied considerably.

The primary melanoma cell line (PM-WK, Figure 8a, b)
does not form actin bundles in stress fiber arrays, but has
many microvilli in tufts (arrow). In contrast, large numbers

1 OOp.m
Figure 5. Normalized random migration paths ofthree ofthe cell
lines to demonstrate the range ofrandom migration observed a:
Pinmary melanoma cell line PM-WK; b: recurrent primary mela-
noma cell line RPM-EP; and c: metastatic cell line AMM-RU

of actin bundles in stress fiber arrays are seen in the
well-spread melanoma cell line derived from one cutane-
ous recurrence (RPM-EP, Figure 8c, d). Stress fibers are
not identified in the other recurrent cutaneous cell line
RPM-MC (Figure 8e, f), where instead numerous microvil-
lar tufts are readily identified. The spindle and pleomor-
phic metastatic cell lines MM-AN, MM-BP, and MM-RU
exhibit variable numbers of stress fibers or processes
and no microvillar tufts (Figures 9a, b, c, d, 10c, d). In
contrast, the well-spread polygonal metastatic cell line
MM-LH has no identifiable stress fibers, despite its rela-
tively well-spread morphology (Figure 1 Oa, b). The cell

RPM-MC

melanocyt.

0 MM-LH

- PM-WK

; MM-AN
0

MM-BP

RPM-EP

MM-RU

0.0 10.0 20.0 30.0
Migration rate (gm/hr)

Figure 6. Mean random migration rate SD ofthe seven human
primauy, recurrent primary and metastatic cell lines as well as
normalhuman newbornforeskin melanocytes- *Significant differ-
ence in migration rate (t-test; P < 0.001) relative to melanocytes,
PM-WK, MAILH, or RPM-MC.
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Table 1. Melanoma Cell Migration, In Situ and In Vitro Morphology, and Quantitative Morphologic Characteristics of
Actin Organization into StressFibers

Mean % cells In situ In vitro % Cells Stress Stress Projected
Melanoma migration migrating nest colony with stress fibers fiber surface
cell line rate (,um/hr)t >10,um/hr formation formation fibers per cell* length (,um)* area (RM2
RPM-MC 3.1 ± 2.3 2 + + 0 0 0 643 ± 268
MM-LH 4.4 ± 3.7 5 + + 0 0 0 1329 ± 614
PM-WK 4.9 ± 3.8 8 + + 0 0 0 771 ± 391
MM-AN 6.6±6.Ot 30 - - 35 3.1 ±3.2 11.2±4.6 926±575
MM-BP 7.4 ± 5.1t 31 - - 31 5.5 ± 4.1 7.3 + 3.8 784 ± 361
RPM-EP 9.4 ± 8.9t 34 - - 80 28.1 ± 35.9 13.7 ± 7.7 2867 ± 256c
MM-RU 16.2 ± 14.6t 60 - - 36 5.6 ± 2.8 8.9 ± 4.3 1132 ± 583

* Expressed as + standard deviation.
t t-test; P < 0.05 relative to PM-WK, MM-LH and P < 0.001 relative to RPM-MC.
t t-test; P < 0.001 relative to PM-WK, MM-LH, and RPM-MC.

surface of MM-LH exhibits many microvilli; however they
are not grouped in tufts as found in PM-WK and RPM-
MC. Interestingly melanocytes do not demonstrate stress
fibers or numerous microvilli; their cytoplasmic pro-
cesses, however, reveal a diffuse fluorescence, indicat-
ing the presence of actin.

Table 1 summarizes the random migration rates, in
situ and in vitro morphology, percentage of cells with ac-
tin-containing stress fibers, the average number of stress
fibers per cell, the average stress fiber length, and the
projected surface area in the seven human malignant
melanoma cell lines. A clear relation among the four cell
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Percent ot cells
Figure 7. Distribution of random migration rates of newborn
foreskin melanocytes and the seven human primary, recurrent
primary, and metastatic cell lines, demonstrating heterogeneity of
migration rates among and within cell lines.

lines that have statistically significantly higher random mi-
gration rates, the absence of in situ nest formation, the
absence of in vitro colony formation, and the presence of
actin-containing stress fibers is identified. The three met-
astatic cell lines that had high random migration rates all
exhibit a moderate number of cells with stress fibers. The
recurrent primary cell line RPM-EP also has a significantly
higher rate of migration and demonstrates the highest
number of cells with stress fibers as well as number of
stress fibers per cell. This cell line also has the largest
projected substrate surface area of all seven cell lines.
Conversely no relation between stress fibers and pro-
jected surface area in the other cell lines is identified. In
fact, well-spread cells may not form stress fibers, as ev-
ident in the cell line MM-LH, which has the second largest
projected surface area. This cell line, however, has few
cells migrating more than 10 ,um/hour.

Discussion

Early studies on the distribution of actin filaments in trans-
formed or malignant cultured cells found that a decrease
in microfilament bundles (stress fibers) correlated with
tumorigenicity; however numerous exceptions were iden-
tified in certain cell lines (for review of the older literature
see reference 14). More recently, however, fewer stress
fibers were reported in certain murine and human mela-
noma cell lines that showed a greater malignant potential
than those with a lower metastatic potential as defined by
lung colonization numbers after tail vein injection in syn-
geneic or immunodeficient mice.78 The B1i6F mouse
melanoma cell line exhibits more actin cables (stress fi-
bers) and elicits fewer metastases than the B16-Fl0 cell
line.6 The mechanisms underlying these differences are
unclear, but likely involve a combination of actin-
associated proteins, regulatory elements, or actin itself.
Indeed certain isoforms of actin in the mouse model re-
cently have been identified that are downregulated in the

.. II I
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Figure 8. Normarski differential interference contrast image (a,c,e) andfluorescentlv labeled actin distribution (b,d,f) in human primary
and recurrent melanoma cell lines. The primary melanoma cell line PM-WK exhibits many microtvillar tufts (arrows) and some actin-
containing dendritic processes (arrowhead) No stress fiber is identified The large number of well-spread cells in the recurrent cell line
RPM-EP (c,d) show actin organized into stress fibers, whereas some less well-spread cells do not (arrow). The cell line RPM-MC (e,f) shows
colonies with cells with actin organized into microvillar tufts and microspikes. Scale: 1 division = 10 pm.
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Figure 9. Normarski differential interference contrast image (a,c,) andfluorescently labeled actin distribution (b,d) in human metastatic
melanoma cell lines. The pigmented spindle cell line MM-AN (a) contains both spindle and well-spread cells with and without stressfibers
(arrows, arrowheads, respectively). The metastatic cell line MM-BP has many cells with short stressfibers and other cells that do not (d). Scale:
1 division = 10 pm.

lines with greater metastatic potential,15 and other iso-
forms of actin have been identified that are present in
human benign nevi but not in human malignant
melanoma.16 These isoforms may play a role in the orga-
nization of actin in melanoma cells and alter cell migra-
tion.

To investigate the relation of the organization of actin
and metastases in human malignant melanoma, we iso-
lated seven human melanoma cell lines from different
stages of tumor progression. Our hypothesis, based on
the experimental model systems to date, was that meta-
static cell lines would have fewer stress fibers than those
isolated from earlier stages of progression. This hypoth-
esis was not confirmed; indeed stress fibers were a more
frequent finding in metastatic melanoma. Nevertheless
our findings do not necessarily contradict the mouse
model studies because those injected melanoma cells,
whether of low or high malignant potential, may be con-

sidered to be metastatic nonetheless, and do in fact ex-
hibit stress fibers. Our surprising finding is the absence of
stress fibers in some of our human melanoma cell lines.

The human primary melanoma cell line PM-WK, de-
rived from the radial growth phase, did not exhibit stress
fibers even though it was derived from a lesion with a
relatively low malignant potential.3 Of the two recurrent
cutaneous melanoma cell lines, one exhibited numerous
actin bundles in stress fiber arrays and the other did not.
Finally three of four metastatic melanoma cell lines exhib-
ited stress fiber formation in a significant number of cells.
These findings may suggest that stress fibers are identi-
fied in cells derived from later stages of tumor progres-
sion. Indeed human newborn foreskin melanocytes did
not demonstrate stress fibers and showed significantly
lower migration rates.

The striking relationship of a melanoma cell line's ex-
pression of actin bundles in the form of stress fibers and
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Figure 10. Normarski differential interference contrast image (a,c) andfluorescently labeled actin distribution (b,d) in human metastatic
melanoma cell lines. The metastatic cell line MM-LH consists ofmany well-spread cells (a) that do not have actin organized into stressfibers
(b). Microvilli and microspikes are prominent. The pleomorphic metastatic cell line MM-RU (c) shows rare microvilli and occasional short
actin-containingfibers (d, arrows). Scale: 1 division = 10 pm.

significantly higher random migration rates is demon-
strated in this study. In addition, the presence of numer-
ous microvilli or tufts of microvilli correlated with low ran-
dom migration rates. The remarkable morphologic simi-
larities between the cells in situ and in vitro may reflect
both the organization of their cytoskeletons and the ability
of the cells to migrate. The formation of nests in situ was
correlated with colony formation in vitro, and colony for-
mation results in part, from low random migration rates. If
cells have a high random migration rate, the cells sepa-
rate from each other after cell division and hence colony
formation is not observed.

The isolation of human primary, recurrent cutaneous,
and metastatic melanoma cell lines that are character-
ized in relation to cell spreading, actin organization, and
cell migration may provide a valuable model to investi-
gate further aspects of tumor progression. Recent inves-

tigators have successfully used cell culture in the analysis
of precursors of primary melanoma and the tumorigenic
phase of primary melanoma to test metastatic potential in
immunodeficient mice.17 The heterogeneity expressed
by these cell lines with regard to random cell migratory
behavior and actin organization may provide insight into
the expression of cell adhesion molecules, factors influ-
encing metastasis in the immunodeficient mouse, and
the interpretation of invasion assay systems using extra-
cellular matrix-coated micropore filters4 or human am-
nionic membrane.18

The marked heterogeneity of melanoma cell migration
and actin organization seen among cell lines in this study
speaks for caution in the interpretation of data from one or
two cell lines. Likewise the wide distribution of migration
rates and variation of actin organization within each cell
line speaks for individual cell heterogeneity. Nevertheless
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a consistent finding is that stress fibers are identified only
in the cell lines with significantly higher mean random
migration rates. This is unexpected in view of studies cor-
relating decreased motility with high numbers of stress
fibers and focal contacts. Heterogeneity within a cell line
may explain the apparent paradox. Indeed, although
rapidly migrating fibroblasts have been shown to exhibit
few stress fibers and slowly migrating well-spread cells
have numerous stress fibers, fibroblasts nevertheless
have high mean random migration rates.19 'O The forma-
tion of actin bundles in stress fiber arrays in some of the
cells does not preclude others from exhibiting rapid cell
migration. The fact that high migration rates are detected
in fibroblasts, keratinocytes,21 and endothelial cells22
likely reflects their important migratory role in reparative
processes.

Benign human newborn melanocytes and the primary
melanoma cell line have low migration rates relative to
most of the melanoma cell lines isolated from later stages
of tumor progression. It is possible that melanoma cells
with the highest migration rates are the first to reach the
lymphatics. Further selection, cloning, and characteriza-
tion of elements such as adhesion molecules and cyto-
skeletal protein expression may provide insight into the
role of cell migration in metastasis.
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